THE study of metabolism is the investigation of the changes occurring in substances which pass through or become incorporated in th~ body cells, and of the changes in energy which accompany these processes. In other words, metabolism means chemical changes or changes in the material composition of the body (Stoffwechsel), and dynamic changes or changes in energy (Kraftwechsel) .
In 1780, Lavoisier and Laplace formulatell and proved the hypothesis that life is a process of oxidation supported by respiration. The experimental proof was the measurement of the heat produced by a guinea pig in an ice chamber, and of the carbon dioxide given off by the same animal when placed for a certain time under a glass jar. Lavoisier's assumption that the heat measured was produced by carbon and hydrogen burned in the lungs and excreted in water and carbon dioxide was later corrected
• We wish to express our appreciation to Dr. Thorne M. Carpen· ter of the Carnegie Nutrition Laboratorv, and Miss Edna Tompkins for advice and assistance in the development of the techni· que of this test. 1 when Liebig, in 1842, and his disciples classified the food-stuffs and showed that heat was produced by the oxidation of protein, carbohydrate, and fat in the cells of the organism.
The second great advance was made in 1851 when the law of conservation of energy, the1~
being applied by Helmholtz to all the realms of physics, was shown by Mayer to be applicable likewise to the production of heat by the human body. It was thus demonstrated that energy and matter have the same behavior in the realm of physiology as in that of inanimata nature. Furthermore, it was found that in adCiition to heat produced by the animal body, the work of muscle contraction, electricity, and even light, as in the firefly, resulted from the transformation of the potential energy of th~ intake. Later, in 1857, followed the work of Carl von Voit, w'ho first definitely proved that the nitrogen excretion of urine and feces could be used as a measure of the protein in metabolIsm. Pettenkofer and Voit demonstrated with their respiration apparatus and their chemical analyses of the excretions that the protein, fat, and carbohydrate of the intake could be measured in the carbon dioxide and nitrogen excretions. Rubner, in 1885, and subsequent years, established the standard fuel values of 1 grarri of protein, 1 gram of fat, and l gram of carbohydrate as 4.1, 9.3, 4.1 calories, respectively. These values are in use toda~·. With their aid 2 and with the application of the law of conservation of energy, it became easy to calculate the quantity of heat which under normal conditions would be produced by the oxidation of a certain amount of absorbed food-stuffs in 24 hours. When the unabsorbed food-stuffs in feces and urine were analyzed and subtracted from the in· take the calculated heat was found to correspo~d exactly to the heat actually given off.
It was now clear that the metabolism of ma11 could be measured. Then began the long and productive series of investigations of the metab· clism of single substances, of single organs or tissues, and of the acimal organism as a whole. In the study of ' the metabolism of the human organism, the variation& dependent upon age, sex, height, weight and composition of the body, the influences of temperature, sleep, and other conditions, the great variations in normal metabolism, under the influence of increased or decreased functional activity and chemical substances-the factors which alter metabolism-have all been carefully investigated. The results of these investigations show very definitely that although metabolism may not yet be a ''precisely exact science,'' yet it is possible to express its rate in figures, and in the words of Robert Mayer, ''One figure has more true and permanent value than a precious library full of hypotheses.'' To be sure, figures have their true and permanent value only when obtained by a method which 3 combines accuraoy of measurements with a definition of experimental conditions.
The investigations of the metabolism of man have dealt with quantitative variations of normal processes and of pathological conditions as compared with normal. In the comparison of pathological with :JlOrmal metabolism, a definition of experimental conditions is indispensable. The definition of experimental conditions in the measurement of metabolism has come to be known as the· measurement of "basal metabolism.'' Basal metabolism was expressed by Rubner as '' Grundumsatz'' or '' Ruheumsatz'' and in English has been defined as the condition of minimal of fundamental exchange, the irreducible minimum of exchange of energy which is characteristic for the individual. It is the minimal activity of the body iVhich maintains the functions of respiration, circulation, and secretion. Magnus Levy and J ohannson have shown that the variations for one individual are very slight under normal conditions.
In the last twenty-two years it has been recognized that in a test of the rate of basal metwbolism, digestion and voluntary movements must be eliminated. To accomplish this the patient is tested twelve to fifteen hours after the ingestion of food and while completely at rest. Digestion is eliminated because it has been found that the presence of food in the alimentary canal stimulated metabolism. The importance of complete muscular repose and 4 relaxation is shown by the fact that very slight voluntary and reflex movements or even the maintenance of an uncomfortable position requiring the · tension of certain muscles raise the metabolism ten to twenty per cent. or higher. Complete relaxation of the body of the patient in a comfortable reclining position, the most thorough avoidance of all movements, together with his abstinence from food for at least twelve hours previous to the test, are the necessary conditions for a test of his basal metabolic rate. External influences, such as abnormal light, noise, physical or psychical stimuli, should be avoided, since it has been found that slight deviations from the basal rate are produced by the reflexes (respiratory, cardiac, and muscular) which such stimuli elicit.
Two · methods have been developed for measuring metabolism. Direct calorimetry, the direct measurement of the heat evolved by the absorbed food-stuffs, was elaborated and applied to man in the calorimeter of Atwater and Rosa, with further developments by Benedict. An indirect method, a determination of the respiratory exchange, has also been developed by which the measurement of oxygen absorbed {)r carbon dioxide excreted, or both, can be used to calculate the total heat production. · The basis upon which this method was established is the fact that definite amounts of ab · sorbed oxygen are used and likewise definite amounts of excreted calfuon dioxide and of 5 evolved heat are obtained by the oxidation to their end-products of food-stuffs of definite composition. It is therefore clear that ,a certain volume unit of oxygen or of carb,)n dioxide corresponds to a certain definite amount of liberated heat according to the substance oxidized_ This definite amount of heat is the calorific value of oxygen or of carbon dioxide. .~:\ liter of oxygen has a calorific value in the combustion of protein of . 4.600 calories, in the com' bustion of carbohydrates, 5.04 7 calories, and in the combustion of fat, 4.686 calories. .A liter of C02 deriv~ from the combustion of protein, carbohydrate, and fat, corresponds respectively to 5.683 calories, 5.047 calories, and 6.694 cal 7 ories. When the amount of oxygen absorbed or of carbon dioxide excreted by an individual is known for a certain period of time, the calories produced by him can be computed by using a certain calorific value for oxygen or carbon dioxide, which value depends on the nature of the substances metabolized. (The choice of calorific value will be discussed beiow.)
This indirect or gasometric method of calorimetry has been developed in two ways: (1 ) for the measurement of excreted carbon dioxide and absorbed oxygen, for longer periods of time (up to 24 hours)' as illustrated by the apparatus of Rubner, Pettenkofer and Voit, Tige:r:-stedt-Sonden and Jacquet; (2) for the measurement of gas exchange in the lungs, i.e., the absorption of oxygen and exhalation of carbon 6 dioxide for brief periods of time (ten minutes to one hour). The latter is the older method of the French and English scientists, elaborated by Speck (1892), and developed by Zuntz-IQep-. pert (1905) , and by Benedict in his "Universal Respiration Apparatus" (1912) . These apparatus are of two types, the closed circuit and the air current types. As an example of the latter, the widely used apparatus of Tissot (1898), (1904); may be mentioned, in -yvhich a spirometer is used to record graphically the expired volume of . air from which a ~ample is later analyzed. An example of the closed circuit type of apparatus, which has the advantage of requiring no gas analysis for the computation of results, is that used in this present series of tests, the Benedict Portable Respiration Apparatus, devised by Benedict in,. 1918, arid in use CHART I.-A post·oper~tive observation. Pulse and respiration readings iu parentheses were made just before the period was begun. The others weTe made at two-minute intervals during the test. For control during the teet, the differences in the 1 two-minute readings of the height of the spirometer are quickly calculated and compared. The patient is allowed to breathe into and out of the apparatus for 1.6 minutes before the first reading is made • Spirometer readillgs are made at the end of expirations. A com· rection of 2 c.c. for each degree C. rise in temperature is made for reduction of total volume of air to 0 degree C. and 760 mm.
pressure.
·Readings are made of at least two periods of about ten minutes each.
If the results are found to vary too greatly from each other, furtheT readings are made. · the patient, the spirometer which rides up and down on water with each respiration, and two jars of sodium hydroxide wh!ch are placed within the circuit to absorb the carbon dioxide as it emanates from the lungs. An eJectric motor is used to blow the air around the circuit.
The absorption of oxygen by the lungs of the patient is measured and can be directly read on the scale of the spirometer (Chart I) . The excretion of carbon dioxide can likewise be de-. termined by weighing, before and after the test, the jars of sodium hydroxide which absorb it. The l, atter method is, however, not as desirable as the former, inasmuch as the carbon dioxide excretion has been found to be more affected by abnormal respiration than the oxygen absorption, and since, furthermore, the calorific values of carbon dioxide deviate more from one another than do those of oxygen.
As the amount of oxygen absorbed by the patient corresponds to a definite amount of liberated heat, according to the substance oxidized,. the calorific value of oxygen is the next consideration. This is dependent upon the relation-9 ship of carbon dioxide to oxygen, or the respiratory quotient, which varies according to the CHART It is now necessary to compare this ac· tual heat production of the individual with a standard of norm (Chart II). Here we are confronted with a situation inevitable in a science which is not ''precisely exact.'' In the words of Dr. Benedict, ''There is no inflexible standard for normal metabolism for any given age, weight, height, and sex, from which all normal individuals never vary." The most widely used method for computing normal metabolism has been, in the past, the calculation based on the ''body surface law,'' the underlying conception of which is that the amount of heat produced by the body is proportional to the surface area rather than to the weight. In 1883, Rubner published the results of experiments which seemed to demonstrate the existence of an ''emission constant,'' or constant heat production per unit of body surface. The conception had been held for several decades previous to Rubner's work, and Richet pub· 11 lished experimental data in 1889, but the law is commonly known as Rubner's Law. The physiological evidence for the validi~y of thL; law has been discussed by Benedict in 1919, and shown to• be inconclusive. Nevertheless, this law has been in common use as the basis of the measurement of normal metabolism. The measurement of the surface area of man has been accomplisher in various. ways, such as the covering of the body with paper and the measurement of the area of the paper or a protographic method with the measurement of the prints by means of a planimeter. Formulae were made from such measurements . by which surface area can be computed from the height and weight of an individual. The linear formula and the height-weight chart of Du Bois and Du Bois, published iu 1915, are widely used today.
However, in 1919, Harris and Benedict published the· results of their biometric studies of the basal metabolism of man, in which they showed from a statistical analysis of the metabolism of over two hundred normal individuals ' together with the · correlation of the factors for their body weight, stature, age, and sex, that the proximate factors determining the metabolism are the body weight, height, age, and sex, all of which have an independent influence upon metabolism. Therefore, although it can not yet be stated absolutely that an individual with a basal metabolic rate within ten points of the standard or norm (as determined by either of the above methods outlined), is actually within his normal metabolic limits, yet it can be assumed that the deviation from h.is norm is not great. Until further statistical data are collected, the 13 greater value of the determination of a basal metabolic rate must remain intra-individual, that is, in the comparison of the basal metabolic rates of the same individual under different circumstances, as, for exampie, under surgical treatment as in this series.
In addition to the possible error arising from comparison of the actual basal metabolic rate with a norm which is relatively indefinite, another source of error lies in the technique of th·~ measurement. The experimental conditions have been described above. To avoid gross errors, these conditions must be strictly observed. Furthermore, the condition of the apparatus itself offers possibilities of error. It must be carefully tested for leakage before each test and the soda lime must be renewed often enough so that it remains an efficient absorber of carbon dioxide. Otherwise, the patient suffer~ great discomfort from the absorption of carbon dioxIde and its presence in the spirometer interferes with the measurement of oxygen. Careful and accurate readings and computations are, of course, also necessary. In the experience derived from this series of tests, it has been found that the chief sources of errors in technique arise from two defects in the condition of the apparatus, namely, leakage (usually at the joints, dna to defective washers), and non-absorption of carbon dioxide by the soda lime. Either condition produces so considerable a deviation from 14 the correct value as to make the results worthless.
In this series, 304 tests have been made upon 135 individuals, 25 of whom were normal controls.* The other 110 individuals were patient<> suffering from diseases of the thyroid, namely, simple adenomata, adenomata with secondary hyperthyroidism, primary hyperthyroidism, or hypothyroidism.
Basal metabolism as a diagnostic maasnre, although subject to error in estimation and inter-· pretation, is probably more constantly reliable than many of our other laboratory measures, both as to its qualitative and quantitative value. It is of the greatest value in hyperthyroidism, -since that disease is so distinctive in its course and symptoms, and so characteristically a disease of hypermetabolism.
From our experience in metabolism studies in connection with thyroid disease, involving 304 metabolism estimations on 135 patients, it does not seem that active hyperthyroidism exists without an increase in the metabolic rate.
Such study is of great value in separating those cases of neurasthenia and associated neurological and cardiac lesions, such as effort syndrome, which often present signs closely simulating those of hyperthyroidism, in that these conrlitions show metabolism estimations within normal limits.
• The data discussed in thi s paper are those gathered up to October l , 1920. ' It is of value, further, in determining the presence of secondary hyperthyroidism in those cases of adenoma of the thyroid in which the symptoms of hyperthyroidism are not markedly evident. It used to be a source of considerable surprise to us in the beginning of our thyroid experience, before we were accmstomed to employ . basal metabolism estimation, to find that many patients upon whom we operated merely to remove an adenoma which was either caus-,ing pressure or was unsightly, came back within a few months, having gained in weight, and . stating that they felt a marked change in their general health. This we now know to have beeu an improvement from secondary hyperthyroidism which, when well marked, is-with the exception of exophthalmos-similar in every way to primary hyperthyroidism, and no more difficult to demonstrate. Its presence, however, in mild or pre-states of clinical hyperthyroidism is not easily demonstrated . clinically, bnt even slight degrees ·of secondary hyperthyroidism are demonstrable by increases in the rate of metabolic activity, examples of which are shown below· as pre-and post-operative metabolism determinations (·Chart IV).
Metabolis~ .estimation correlated with the clinical examination is also of marked value in indicating the ability of a · patient to withstand ·surgical procedures of various magnitudes; for example, in deciding whether the ligation of a single thyr~id pole should be employed, whethe t· it would b~ wise to ligate both thyroid poles, or whether it would ibe safe to employ partial thyroidectomy as a primary procedure. It is of further value in deciding when to follow the preliminary pole ligation with the partial thyroidectomy. Up to recently it has been our custom to ligate the superior thyroid poles and . then send the patient home for eight weeks, at the end of which time the patient returned to the hospital for the complete op~l'lation. As the r esult of our metabolism investigations, we have been finding that in some cases by waiting eight weeks, we have passed the period of maximum . improvement, as indicated by a rise in the metabolism rate from the rate representing the maximum drop after pole ligation. We have, therefore, com~ to the conclusion that during the intervals between pole ligation and partial thyroidectomy, metabolism estimations should te made every two weeks, and partial thyroidectomy employed as soon as the maximum gain indicated by a drop in metabolism and pulse rate is made. Since we do not fe el that metabolism rate alone in hyperthyroidism is a true criterion of the seriousness of a patient's condition, and, considered alone, is unreliable as a guide to the f'xtent of the surgical procedure to be employed, it is at once evident that it is impossible to make any fixed statement concerning the percentage figures in basal metabolism at which it is safe to perform partial thyroidectomy as a primary procedure. Neither is it possible to state at what level of basal metabolic rate it is wise to ligate but one pole, nor is it further possible from basal metabolism estimations alone to weed out the cases too seriously afflicted to be submitted to any surgical procedure, and to be relegated to the less satisfactory and more prolonged methods of treatment not surgical in nature, such as rest and x-ray treatment.
Yet with the previous view clear in our minds, we are willing to make certain apprbximate groups which we believe, from our experience, work out satisfactorily in a majority of instances.
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Partial thyroidectomy may be employed as a primary measure, unpreceded by ligations, in most of the cases showing increases in metabolic rates of not over +35. In all such cases, however, careful consideration must be given to the apparent degree of toxicity of the disease, as eyidenced by the clinical signs, and this consideration must not be biased by the degree of increase in basal metabolic rate, however moderate it may be. Careful consideration must also be. given resulting or associated lesions, such as myocarditis and renal lesions.
Fine judgment, based largely upon an extensive experience as to how similar cases have acted under various surgical procedures, is necessary in deciding between pole ligation and primary partial thyroidectomy in the cases of hyperthyroidism showing increases in basal metabolic rates of between +35 and +50. Decision as to the type of operation should be left until the patient is on the operating table and anaesthetized, and should then be made only when based upon the known basal metabolit' rate, the pulse rate, its character and rhythm, and with a consideration of the possible degree of post-operative thyroid reaction. It is our custom to make this decision with the cooperation of our anesthetist, Dr. Lincoln F. Sise, who in fiOO operated thyroid cases has had the same opportunity as we have had to observe their condition before, during, and after various surgical pro-1!l cedures. We have but one :fixed rule in deciding as to the wisdom of priniaryl partial thyroidectomy. When doubt exists even in the slightest degree as to the safety of primary partial thyroidectomy, we ligate. We do not permit ourselves to be influenced by the possible disapponitment of teh patient or her frien~s in that a second and possibly a third and a fourth operation may be needed before permanent relief is accomplished. We are unbiased by the consideration that the patient may never return for the final operation. Once or twice we have been biased by the fact that a patient had came from a long distance, . such as the MiddleWest or the provinces of Canada, and was anxious to ' be saved the cost and discomfort of either a trip home and return within two months, or a stay of perhaps two months away from her home. Twice have we permitted these considerations to sway us in favor of primary partial thyroidectomy. In both instances severe reactions occurred from which the patients, to our relief, recovered; but no longer .are we influenced in the least by ·any of the foregoing considerations. Where life lies in the balance, judgment as to the procedure, in our opinion, must be based entirely upon facts which havo> to do only with the limiting of risk to the individual.
Most patients showing basal metabolic rates above +50 are safest when submitted to pri· mary ligation of one or both of the superior 20 I .
thyroid poles. It is our custom in these cases tv reserve decision, as previously stated, until thu patient is anaesthetized (scopolamine, morphia, novocaine + gas oxygen) , making me of th.>. same measures as stated above. The decision is then made whether the patient shall be sent back to bed to observe the degree of reaction to the anaesthesia and visit to the operating room, or whether ligation of the poles shall be proceeded with. If the latter procedure is decided upon, one superior pole is rapidly ligated and decision as to whether ligation of the other superior pole is to be carried out is baFed upon the immediate condition of the patient .and how she has endured the ligation of a single pole.
In patients showing metabolic rates of from +75 up, extreme caution must be exercised in the extent of the surgical treatment made use of. In the doubtful cases, a visit to the operating room and gas oxygen anaesthesia with no operative procedure gives valuable evidence as to the resulting degree of reaction. In the less doubtful cases, the ligation of a single pole with a wait of ten days to two weeks makes the ligation of the second pole very much more safe for the individual (Chart V).
It is our opinion that there is hardly a surgical disease in which caution is as necessary a~ in the cases of marked thyrotoxicosis. As they approach the higher levels of toxicity as indirated by clinical signs and increases in metabolic rates to high level, each case should be in- dividualized and no longer looked upon as being a member of a group. After such cases have reached the more intense stages of thyroid intoxication, they no longer conduct themselves by rule. This statement is more or less true of hyperthyroidism as a whole, but is particularly characteristic of the intensely toxic cases.
After an extensive experience with thyroid cases, we feel able to prophesy with relative certainty the course and reaction of mild and moderate degrees of thyroid intoxication to various surgical procedures, but have by no means the same degree of assurance regarding the intensely toxic cases. It is because of this unknown· capacity for unfavorable reaction on the part of severely toxic cases that extremely cautious advance should be made. First, the degree of reaction to the slight discomfort and apprehension which goes with ,the estimation of basal metabolism, next the reaction to a visit to the operating room and short gas oxygen anaesthesia, and finally based upon this data, the ligation of a single thyroid pole. Having advanced , so far, we have accumulated sufficient data upon which to base with reasonable cer· tainty a decision as to the probable outcome with further surgical procedures. We feel that there will be a tendency to accept basal metabolic rates as true percentage estimates of thyroid hyperfunction, which in . turn afford a basis for a true prediction of reactions to surgical procedures; and we must 24 emphasize our conviction that such a condition 'of affairs would be extremely dangerous. With the first view, however, we feel some sympathy. That thyroid toxicity, if we may for practical purposes consider the disease in terms of toxic thyroid products, is represented by increased basal ~etabolic rates there can be little question. One has but to observe the charts shown here, and note the metabolic rate before operation,-the progressive drop in the metabolic rate and pulse rate after ligation and again after partial thyroidectomy, together with the progressive clinical improvement in the patient, going band in hand in most instances with the drop in metabolic rate,-to be ' convinced that metabolic rate quite accurately represents degree of toxicity (Chart VI), Cases have arisen, however, in which there
